Using mass spectrometry, we have examined the transmembrane topography of the nicotinic acetylcholine receptor, a five-subunit glycosylated protein complex that forms a gated ion channel in the neuromuscular junction. The primary sequences of the four polypeptide chains making up the acetylcholine receptor from Torpedo californca contain many possible sites for glycosylation or phosphorylation. We have used liquid secondary ion mass spectrometry to identify posttranslationally modified residues and to determine the intact oligosaccharide structures of the carbohydrate present on the acetylcholine receptor. Asparagine-143 of the a subunit (in consensus numbering) is shown to be glycosylated with high-mannose oligosaccharide. Asparagine-453 of the y subunit is not glycosylated, a fact that bears on the question of the orientations of putative transmembranous helices M3, MA, and M4. The structures of the six major acetylcholine receptor oligosaccharides are determined: the major components (70%) are of the high-mannose type, with bi-, tri-, and tetraantennary complex oligosaccharides making up =22 mol% of the total carbohydrate. This application of a multichannel array detector mass spectrometer provided a breakthrough in sensitivity that allowed us to identify the site of attachment of, and the sequence of, oligosaccharides on a 300-kDa membrane protein from only 5 pmol of the isolated oligosaccharide.
many possible sites for glycosylation or phosphorylation. We have used liquid secondary ion mass spectrometry to identify posttranslationally modified residues and to determine the intact oligosaccharide structures of the carbohydrate present on the acetylcholine receptor. Asparagine-143 of the a subunit (in consensus numbering) is shown to be glycosylated with high-mannose oligosaccharide. Asparagine-453 of the y subunit is not glycosylated, a fact that bears on the question of the orientations of putative transmembranous helices M3, MA, and M4. The structures of the six major acetylcholine receptor oligosaccharides are determined: the major components (70%) are of the high-mannose type, with bi-, tri-, and tetraantennary complex oligosaccharides making up =22 mol% of the total carbohydrate. This application of a multichannel array detector mass spectrometer provided a breakthrough in sensitivity that allowed us to identify the site of attachment of, and the sequence of, oligosaccharides on a 300-kDa membrane protein from only 5 pmol of the isolated oligosaccharide.
How the nicotinic acetylcholine receptor (AcChoR) mediates ion conductance in response to binding acetylcholine at the neuromuscular junction is of critical importance to understanding the function of the family of related neuroreceptors (1) . The molecular structure of the AcChoR contains five similar subunits that surround the ion-conducting channel, shown to lie in the center (2, 3) . While the primary structures of all four subunit types of the acetylcholine receptor from Torpedo californica are homologous from N to C termini (4), there is as yet no identification of all regions that are transmembranous. However, in each of the five subunits (a2zy8), there are four hydrophobic stretches of 19-26 amino acids that are presumed to lie across the membrane (5) . Site-directed mutagenesis shows that residues of the second helix, M2, determine aspects of the conductivity (6) . On the basis of our x-ray diffraction evidence for oriented a-helices perpendicular to the membrane we proposed that the ion channel could be formed within a bundle of such a-helices. More polar surfaces could provide the lining of the pore. A fifth amphipathic a-helix, which may also be transmembranous (MA), is apparent from the AcChoR primary sequence. Our hypothesis that these helices could also contribute to the pore led to experiments designed to determine the peptide topography, especially in the region of MA, M4, and the C terminus. Our electron microscopic localization of peptidespecific antibodies on intact native tissue and on subcellular fractions (7) and experiments of Ratnam et al. (8) Ag; 2 nmol) were carried out in ammonium bicarbonate (50 mM; pH 7.8) with 0.1% NaDodSO4. After digestion, NaDodSO4 was removed by precipitation with guanidine hydrochloride (11) . Peptides and glycopeptides were separated by gel filtration on a G-50 column using 50 mM ammonium bicarbonate as eluent and monitoring at 210 and 280 nm. Aliquots of these fractions were acid hydrolyzed to release monosaccharides, which were then derivatized as trimethylsilyl methyl glycosides. Gas chromatographic analysis of the derivatives gave the monosaccharide composition and therefore indicated whether the oligosaccharides were of the high-mannose or complex types. Aliquots of the oligosaccharide-containing fractions were treated with peptide Nglycosidase F (PNGase F), which cleaves high-mannose, hybrid, and complex glycans from N-linked glycosylation sites, while converting asparagine to aspartic acid (12) . Reverse-phase HPLC [on a Vydac column (C18, C4, and biphenyl), using water/0.1% trifluoroacetic acid and acetonitrile/0.09%o trifluoroacetic acid as the aqueous and organic phases, respectively] of peptides before and after deglycosylation further fractionated the peptides for analysis by mass spectrometry.
Oligosaccharides were released from N-linked glycosylation sites by digestion of AcChoR (500 ,ug; 2 nmol) with PNGase F. In a modification of previously described methods (13, 14) , AcChoR was digested in ammonium bicarbonate buffer (100 mM; pH 8.6) with 0.1% NaDodSO4 and 0.6% Nonidet P-40 at 37°C for 18 hr. Analytical NaDodSO4/PAGE (15) showed digestion to be complete. NaDodSO4 was precipitated as described earlier, and oligosaccharides were separated from protein and residual detergent by passage through a disposable reverse-phase matrix (Sep-Pak C18 cartridge; Waters). The aqueous fraction, containing all released oligosaccharides, was either lyophilized directly or treated with neuraminidase before lyophilization, and then derivatized according to a modification of the method described by Wang et al. (16) in which p-aminobenzoic acid ethyl ester (ABEE) (16.5 mg) and sodium cyanoborohydride (3.5 mg) were added to the sample in 100 ul of methanol/ acetic acid (9:1, vol/vol), and the solution was incubated at 80°C for 40 min. After cooling, 500 ,ul of chloroform was added and the mixture was extracted twice with water (500 ,ul). The combined water layers were lyophilized and the derivatized oligosaccharides were purified by HPLC. An aminopropyl column was used for desialylated oligosaccharides, with a gradient of 80-40%o acetonitrile over 40 min, while monitoring at 320 nm. Sialylated structures were purified on C18 or C4 reverse-phase columns using water and acetonitrile as the aqueous and organic phases and incorporating the following elution program: 0-10 min, 100% water; 10-70 min, 0-60% acetonitrile. The eluent was monitored at 320 nm.
Mass Spectrometry. All peptide fractions collected from each reverse-phase HPLC analysis were subjected to liquid secondary ion mass spectrometry (LSIMS) in the positive ion mode (14) . Experimentally derived molecular weights, together with sequences obtained from peptide fragmentation, were used to assign peptides to regions within one of the four receptor subunits. The expected masses of peptides produced by proteolytic cleavage were calculated from the cDNA sequence (4) .
Mass spectra of derivatized oligosaccharides were recorded in the positive-ion mode to obtain molecular weights and purity. In this mode, fragmentation of this derivative is minimal, allowing identification of the molecular ion at high sensitivity (14) . Negative-ion spectra were recorded to obtain fragmentation and to determine oligosaccharide sequences (14) .
All mass spectra of peptides and oligosaccharides, unless otherwise stated, were recorded with a Kratos MS 50-S double-focusing mass spectrometer, equipped with a highfield magnet, a LSIMS source (17, 18) , and a postacceleration detector (10 keV).
In pioneering experiments in which multichannel array detection was used, negative ion spectra were recorded with a Kratos Concept. The characteristics of the multichannel electrooptical array detection system used in these studies have been reported (19) . Negative-ion LSIMS spectra were obtained by computer-controlled acquisition from the array detector in sequential 4% mass segments (20) .
RESULTS
Peptide Mapping of AcChoR Subunits. AcChoR peptides identified by mass spectrometry are listed in Fig. 1 . The regions of the AcChoR that were mapped by mass spectrometry are heavy-lined on the predicted secondary structure diagram of the consensus subunit in Fig. 1 . The N-terminal peptides, the cytoplasmic loops downstream from M3, and the proposed amphipathic helical domains (MA) were most readily digested and mapped by mass spectrometry, reflecting an increased number of trypsin/V8 cleavage sites in these regions. Residues 81-180 and the residues toward the C terminus from 490 did have cleavage sites but were generally resistant to cleavage. The hydrophobic putative transmembrane domains lack V8 and trypsin cleavage sites and are thus not yet amenable to mass spectrometry analysis.
A reverse-phase HPLC chromatogram of one of the peptide fractions clearly showed an absence of one peak upon deglycosylation with PNGase F (data not shown). One of the peptides in the peak fraction after deglycosylation had a molecular weight MH' = 1980 (nominal mass), which was not present in the mass spectrum of this HPLC fraction prior to deglycosylation (Fig. 2) . This molecular weight corresponds to the peptide Ile-Ile-Val-Thr-His-Phe-Pro-PheAsp-Gln-Gln-Asp-Cys-Thr-Met-Lys, which is the expected product of PNGase F digestion of the glycosylated peptide 132-147ac; 130-145a. This demonstrates that Asn-143ac is glycosylated in the native state. Moreover, GC analysis ofthe trimethylsilyl methyl glycosides of monosaccharides released from this glycopeptide demonstrated that only mannose and N-acetylglucosamine were present, indicating that a high-mannose structure is attached at this site.
Another potential glycosylation site that was mapped by mass spectrometry was Asn-453,yc (431y). A molecular ion with MH+ = 1181 was found, the mass of which matches an unglycosylated peptide from the 'y subunit, Ser-Thr-LysGlu-Gln-Asn-Asp-Ser-His-Ser-Glu. The equivalent peptide with aspartate substituted for asparagine was not found in any PNGase-treated sample, demonstrating that the y subunit is not glycosylated at Asn453yC.
All of the seven putative sites for phosphorylation by cAMP-dependent protein kinase, protein kinase C, or tyrosine kinase were mapped in these experiments, and no peptides containing phosphoserine, phosphotyrosine, or phosphothreonine were detected.
Oligosaccharide Analysis. Mass spectrometric analyses showed the major fraction of receptor oligosaccharides (=70%o as judged by integrated absorbance at 320 nm during HPLC purifications) to be high-mannose structures with compositions Man8GlcNAc2-ABEE and Man9GlcNAc2-ABEE, as judged by positive-ion mass spectra, which showed protonated molecular ions at MH+ = 1870 and MH+ = 2032, respectively. Full details of the fragmentation observed are provided in Fig. 3 , which shows the negative-ion mass spectrum recorded using =10 ng (5 pmol) of Man8GlcNAc2-ABEE using computer-controlled mass window stepping and multichannel array detection (20).
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'Y E. LyslO Analysis of neuraminidase-treated samples showed the major species present in the remaining 30o of oligosaccharide to be nonfucosylated tri-, tetra-, and biantennary complex structures, with MH+ = 2155, MH+ = 2520, and MH+ = 1790, respectively. A fourth component with MH+ = 2358 had the composition Man3Gal3GlcNAc6 as judged by molecular weight and monosaccharide analysis. Fragmentation observed in the negative-ion mode indicated a tri-antennary structure with a bisecting N-acetylglucosamine residue. All structures observed by mass spectrometry are detailed in Fig. 4 .
In our earlier experiments, sialic acid residues were removed from all oligosaccharides by neuraminidase treatment to simplify oligosaccharide analysis. More recently, we have prepared and purified sialo-ABEE derivatives from receptor oligosaccharides. Fig. 5 shows a spectrum obtained by using 1 ,ug of an ABEE-derivatized trisialo-triantennary structure purified by reverse-phase HPLC. The sensitivity achieved with this derivatization is roughly 10-to 20-fold greater than that attained in the analysis of underivatized sialo-oligosaccharides and is due to the introduction of the hydrophobic group, which increases the surface activity of the oligosaccharide in the liquid matrix during mass spectrometry analysis (21 (24, 25) . Gal 2Man3 GIcNAc4 and 143, which lie in the soluble domain N terminal to Ml; 315, which according to secondary structure predictions is located on the cytoplasmic side of M2; and 453, between MA and M4 (Fig. 1) (28) , one of the oligosaccharides must be attached at Asn-316; this would imply that the orientation of M3 in the bilayer has to be inverted.
The direct sequencing and determination of the branched structure from fragmentation of the ABEE-derivatized oligosaccharides implies that monoclonal antibodies directed against specific oligosaccharides can now be made and used as probes for membrane proteins present in purified form at the picomolar level, to the femtomolar level in the future. It has not escaped our notice that this may be useful in localizing specific rarely expressed membrane proteins.
AcChoR Phosphorylation. Three endogenous protein kinases have been shown to phosphorylate specific subunits of the Torpedo acetylcholine receptor; namely, cAMP-dependent protein kinase, protein kinase C, and a tyrosine-specific protein kinase (reviewed in ref. 29 ). All of the seven possible sites for phosphorylation by these three endogenous protein kinases were located and examined in this work, and no phosphorylated peptides were detected. It is possible that these sites are labile to endogenous phosphatases, even in the continued presence of sodium fluoride and protease inhibitors.
Advances in Structure Determination Using Mass Spectrometry. This study of chemical and posttranslational modification of a complex multisubunit membrane protein was carried out on a total of 4 nmol of sample (1 mg of AcChoR). A combination of the protocol described here and the sensitivity of high-performance tandem sector systems with electrooptical multichannel array detection will permit sequencing of the protein, structural characterization of the posttranslational modifications, and determination of the nature and sites of covalent modifications resulting from photoaffinity experiments at the subnanomole level (20) .
The mass spectrometric analyses of oligosaccharides demonstrate that the ABEE derivative is superior to the underivatized oligosaccharide, since the introduction of a hydrophobic group greatly increases the surface activity of the compound and hence the sensitivity of the analyses (21) . In addition, excellent fragmentation of the oligosaccharides, predominantly at successive glycosidic linkages, is provided in the negative-ion mode (13, 14) . Also, this derivatization adds only 149 Da in mass, as opposed to permethylation or peracetylation which adds 14(n+m) or 42(n) Da (n is the number of free hydroxyl groups, m is the number of NH-Ac groups) to the mass of an oligosaccharide. In the case of larger oligosaccharides, our method is of particular advantage, since a large increase in mass upon derivatization would move the molecular mass from the readily accessible mass range where instrument sensitivity is in the subnanomole range. ABEE derivatization also produces a homogeneous product, in contrast to the mixtures often obtained from use of permethylation or peracetylation procedures (30) .
When the ABEE derivative is prepared, molecular weight and fragmentation data can readily be obtained by using 1 ,g of oligosaccharide, even using conventional postacceleration and a single-slit ion multiplier system. However, this work has established that when computer-controlled mass window stepping is used with multichannel array detection, the level of sample required can be reduced by as much as 100-fold using a 4% mass window array (1000 channels). Design of ion optical system that will permit full focal plane multichannel array detection (31) will increase the sensitivity herein reported by yet at least a further order of magnitude. Such ultrahigh mass spectral sensitivities will revolutionize future investigations of the structural biology of membrane-bound glycoproteins such as growth factor receptors, which cannot be readily obtained in nanomole quantities. It will then be possible to sequence and structurally characterize proteins, membrane proteins, and their posttranslational modifications from femtomolar quantities.
